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ABSTRACT
Spectral slopes in optical transmission spectra of exoplanetary atmospheres encapsulate information on the
properties of exotic clouds. The slope is usually attributed to the Rayleigh scattering caused by tiny aerosol
particles, whereas recent retrieval studies have suggested that the slopes are often steeper than the canonical
Rayleigh slopes. Here, we propose that photochemical haze formed in vigorously mixing atmospheres can
explain such super-Rayleigh slopes. We first analytically show that the spectral slope can be steepened by the
vertical opacity gradient in which atmospheric opacity increases with altitude. Using a microphysical model,
we demonstrate that such opacity gradient can be naturally generated by photochemical haze, especially when
the eddy mixing is substantially efficient. The transmission spectra of hazy atmospheres can be demarcated into
four typical regimes in terms of the haze mass flux and eddy diffusion coefficient. We find that the transmission
spectrum can have the spectral slope 2–4 times steeper than the Rayleigh slope if the eddy diffusion coefficient
is sufficiently high and the haze mass flux falls into a moderate value. Based on the eddy diffusion coefficient
suggested by a recent study of atmospheric circulations, we suggest that photochemical haze preferentially
generates super-Rayleigh slopes at planets with equilibrium temperature of 1000–1500 K, which might be
consistent with results of recent retrieval studies. Our results would help to interpret the observations of spectral
slopes from the perspective of haze formation.
1. INTRODUCTION
Transmission spectroscopy is a powerful way to explore
the properties of exoplanetary atmospheres (e.g., Charbon-
neau et al. 2002; Pont et al. 2013; Kreidberg et al. 2014; Sing
et al. 2016). One of the remarkable features of the transmis-
sion spectra is the rise of transit depth toward blue in the op-
tical wavelength, called a spectral slope. The slope is quanti-
fied by (e.g., Lecavelier Des Etangs et al. 2008)
dRp
d ln λ
= Hα, (1)
where Rp is the planetary radius, λ is the wavelength, H is
the pressure scale height, and α is the spectral index of at-
mospheric opacity, i.e., κ ∝ λα. Utilizing Equation (1), mea-
surements of the slopes can help to constrain atmospheric
properties as well as the properties of exoplanetary clouds.
The spectral slopes are often attributed to the Rayleigh
scattering (α = −4) caused by tiny aerosols; however, sev-
eral exoplanets actually exhibit the slopes steeper than the
Rayleigh slope. A retrieval studies of Pinhas et al. (2019)
and Welbanks et al. (2019) obtained the median spectral in-
dex of α . −5 for most of the transmission spectra of hot
Jupiters collected by Sing et al. (2016). For a more extreme
example, Sedaghati et al. (2017) showed that the slope of a
hot Jupiter WASP-19b is characterized by α = −26. May
et al. (2020) found an even steeper spectral slope of α ≈ −35
for a hot Neptune HATS-8b.
Several mechanisms potentially explain such “super-
Rayleigh slopes” (SRSs hereafter). For example, unocculted
star spots produce steep slope-like feature in transmission
spectra (e.g., McCullough et al. 2014) and potentially ex-
plain some SRSs. In fact, Espinoza et al. (2019) reported that
the effects of star spots can explain the SRS of WASP-19b
observed by Sedaghati et al. (2017). The mercapto radical,
SH, can also yield steep slope-like feature, though it is re-
sponsible only for near the NUV wavelength (λ . 0.46 µm,
Zahnle et al. 2009b; Evans et al. 2018). Alternatively, tiny
sulphide condensates, such as MnS, can produce slope-like
feature with α < −5 (Pinhas & Madhusudhan 2017). Most
recently, Kawashima & Ikoma (2019) found that photochem-
ical haze can steepen the Rayleigh slope if atmospheric eddy
diffusion is efficient.
In this study, we generalize the conditions in which photo-
chemical haze produces the steep spectral slopes. In Section
2, we analytically show that the vertical opacity gradient can
steepen the spectral slope than the canonical Rayleigh slope.
We also demonstrate that photochemical haze can generate
such opacity gradient.In Section 3, we calculate the synthetic
transmission spectra of hazy atmospheres for a wide range of
eddy diffusion coefficient and haze mass flux, and discuss the
conditions of these parameters for which the SRSs emerge.
In Section 4, we summarize our findings.
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2. A MECHANISM PRODUCING STEEP SPECTRAL
SLOPES BY HAZE
A key factor producing the SRSs is the vertical gradient of
atmospheric opacity. This fact is not captured by Equation
(1) that was derived under the assumption of vertically uni-
form opacity. To examine the effect of vertical opacity gradi-
ent, we assume the opacity following κ = κ0(λ/λ0)α(P/P0)−β,
where P is the atmospheric pressure and κ0 is the opacity at
the pressure level of P0 and the wavelength of λ0. Assuming
hydrostatic equilibrium, and constant temperature and grav-
ity throughout the atmosphere, the chord optical depth at the
impact paramter of r is calculated as (e.g., Benneke & Seager
2012)
τv(r) = 2ρg(r)κ(r)
∫ ∞
r
exp
[
−(1 − β) r
′ − r
H
]
r′dr′√
r′2 − r2
, (2)
where ρg is the atmospheric density, and r′ is the radial dis-
tance from the center of the planet. Applying the transforma-
tion of x =
√
r2 − r′2 and approximation of r′ − r ≈ x2/2r as
in Fortney (2005), Equation (2) is rewritten as
τv(r) = ρg(r)κ(r)
∫ ∞
−∞
exp
[
− (1 − β)x
2
2rH
]
dx. (3)
Equation (3) diverges for β ≥ 1, and thus a finite region of
the atmosphere, in which the opacity source exists, should
be taken into account for β ≥ 1. Here, we see the solution
of Equation (3) only for β < 1. As shown later, the opac-
ity gradient produced by photochemical haze is mostly char-
acterized by β < 1. For β < 1, the chord optical depth is
calculated as
τv(r)=ρ0κ0
(
λ
λ0
)α √2piR0H
1 − β exp
[
−(1 − β) r − R0
H
]
, (4)
where ρ0 is the atmospheric density at the reference radius of
R0. The observed planetary radius is corresponding to the ra-
dius at τv ∼ 1. Inserting τv = 1 in Equation (4), the observed
radius is given by
Rp = R0 +
H
1 − β ln
ρ0κ0 ( λλ0
)α √2piR0H
1 − β
. (5)
Differentiating Equation (5) with respect to λ, we achieve a
spectral slope with vertical opacity gradient applicable for
β < 1:
dRp
d ln λ
=
Hα
1 − β . (6)
Equation (6) is essentially the same as Equation (1) except
for the factor of (1 − β)−1.
An important implication of Equation (6) is that the spec-
tral index α (or scale height H) is degenerated with vertical
opacity gradient β. Notably, for 0 < β < 1 in which the opac-
ity is higher at higher altitude, the slope is steepened by a
factor of (1 − β)−1 from the classical prediction of Equation
(1). Thus, it is crucial to take into account the vertical opacity
gradient to explore the nature of SRSs.
The remaining question is what causes the opacity gradient
with 0 < β < 1. We suggest that photochemical haze can
naturally produce such gradient. As shown in Appendix A,
for haze particles much smaller than the gas mean free path
and the relevant wavelength, the opacity can be written as
κ =
36pigHF
ρp
1
Pvt
[
1 − exp
(
−vtH
Kz
)]
︸                      ︷︷                      ︸
Pressure dependence
nkλ−1
(n2 − k2 + 2)2 + (2nk)2︸                        ︷︷                        ︸
Wavelength dependence
,
(7)
where F is the haze mass flux, Kz is the eddy diffusion co-
efficient, g is the surface gravity, ρp is the particle density,
and n and k are the real and imaginary parts of complex re-
fractive index. vt is the terminal velocity of haze particles
approximated by (Woitke & Helling 2003)
vt ≈
ρpg2H
P
√
8kBT/pimg
a, (8)
where kB is the Boltzmann constant, T is the temperature,
mg is the mean mass of atmospheric gas particles, and a is
the particle radius. The asymptotic behaviors of Equation (7)
clarify the pressure dependence as
κ ∝
 P−1 (vtH/Kz  1)a−1ρ−1p (vtH/Kz  1). (9)
Haze produces the vertical gradient with β = 1 when eddy
diffusion dominates over the settling. Thus, strong eddy dif-
fusion acts to steepen the spectral slope. When the settling
is dominant, the gradient depends on how particle sizes and
densities vary with altitude. In the next section, we numer-
ically investigate the haze-produced spectral slopes using a
microphysical model.
3. NUMERICAL INVESTIGATIONS OF
HAZE-PRODUCED SPECTRAL SLOPES
3.1. Method
We conduct a series of the calculations for haze particle
growth and synthetic transmission spectra. We utilize a two-
moment microphysical model of Ohno & Okuzumi (2018)
that takes into account the eddy diffusion, gravitational set-
tling, and particle growth. The moment model suffices to ex-
amine whether haze can produce SRSs, as the model can cap-
ture the basic effects of haze formation on transmission spec-
tra (Kawashima & Ikoma 2018). We assume spherical par-
ticles with constant density of 1 g cm−3 and ignore the con-
densation of mineral vapors for the sake of simplicity. The
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Figure 1. Vertical haze distributions for different eddy diffusion coefficient. From left to right, each column shows the vertical distributions
of the characteristic particle size, the haze mass mixing ratio, and extinction opacity for the tholin optical constants at λ = 0.5 µm, respectively.
Different colored lines show the distributions for different Kz with haze mass flux F = 10−12 g cm−2 s−1. Dotted lines denote the distributions of
a volume-weighted particle size predicted by a bin scheme for Kz = 105 and 109 cm2 s−1 taken from Figure 17 of Kawashima & Ikoma (2019),
where the column-integrated photolysis rate of haze precursors is ∼ 10−12 g cm2 s−1 (see their Table 1).
monomer production profile is prescribed by a log-normal
profile given by (Ormel & Min 2019)
ρ˙haze = ρgg
F
σP
√
2pi
exp
− 12σ2
(
ln
P
P∗
)2, (10)
where the characteristic height of monomer production P∗
and the width of the distribution σ are set to P∗ = 10−6 bar
and σ = 0.5 to mimic the profile predicted by photochem-
ical models (e.g., Kawashima & Ikoma 2019). Correspond-
ingly, we include the increase of a particle number density as
n˙haze = 3ρ˙haze/4pia30ρp, where a0 is the monomer radius and
assumed to be a0 = 1 nm. The pressure-temperature struc-
ture for a solar composition atmosphere is constructed by an
analytical model of Guillot (2010) using the same parame-
ters adopted in Kawashima & Ikoma (2019) for their case of
irradiation temperature of 790 K 1.
We compute synthetic transmission spectra of hazy atmo-
spheres using a model of Ohno et al. (2020) assuming the
planetary mass of GJ 1214b (6.26MEarth, Anglada-Escude´
et al. 2013) and the reference radius of R0 = 2.35REarth at
P = 10 bar. We introduce a metric quantifying steepness of
the spectral slopes defined as (Pinhas & Madhusudhan 2017)
S ≡ 1
H
dRp
d ln λ
. (11)
We use the U band (λ = 365 nm, FWHM of 66 nm) and
V band (λ = 551 nm, FWHM of 88 nm) (Binney & Merri-
1 The temperature is a product of
√
2 and equilibrium temperature, which
characterizes irradiation intensity (see e.g., Guillot 2010).
field 1998) to calculate S, as similar to Pinhas & Madhusud-
han (2017). The haze opacity is calculated by the BHMIE
(Bohren & Huffman 1983) assuming spherical particles. The
refractive index has been unknown for exoplanetary haze.
We test the two representative refractive index; a Titan haze
analog (tholin, Khare et al. 1984) and a complex refractory
hydrocarbon (soot) compiled by Lavvas & Koskinen (2017).
3.2. Haze Vertical Profiles
Haze vertical distributions substantially vary with altitude,
as suggested by previous studies (e.g., Lavvas & Koski-
nen 2017; Kawashima & Ikoma 2018, 2019; Kawashima
et al. 2019; Adams et al. 2019; Lavvas et al. 2019; Gao
& Zhang 2020). Figure 1 shows the vertical distributions
of haze characteristic size and mass mixing ratio for F =
10−12 g cm−2 s−1 and different Kz. We have confirmed
that our two-moment model well reproduces the distribu-
tions simulated by the bin scheme (dotted lines) taken from
Kawashima & Ikoma (2019). In principle, the particle size
increases with decreasing the altitude because of collisional
growth. The higher eddy diffusion coefficient is, the smaller
particle size is. This is because efficient vertical mixing
transports the particles downward before they grow into large
sizes (Kawashima & Ikoma 2019). The high eddy diffusion
coefficient also produces a steep vertical gradient in the mass
mixing ratio, as seen in the case of Kz = 109 cm2 s−1. This
results in the steep vertical opacity gradient, as predicted in
Section 2.
The vertical opacity gradient also appears when the set-
tling dominates over the eddy diffusion, as seen in the cases
of Kz = 107 and 105 cm2 s−1. This is because the particle size
4 Ohno & Kawashima
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Figure 2. Synthetic transmission spectra of hazy atmospheres. The vertical axis is the planetary radius normalized by the scale height of
H = 180 km, the value for P ∼ 10−3 bar, with an offset. The top panel shows the spectra for different Kz with F = 10−12 g cm−2 s−1. The
middle and bottom panels show the spectra for different F with Kz = 109 cm−2 s−1. The tholin refractive index is assumed for the top and
middle panels, while the soot refractive index is assumed for the bottom panel. Horizontal dotted lines in the middle panel denote the Rp/H −C
corresponding to the pressure levels from 10−1 to 10−7 bar.
is larger in the deeper atmosphere due to collisional growth,
leading to yield vertical gradient in the mass mixing ratio.
The vertical distributions can be further understood from a
timescale argument. The particle can grow until the set-
tling timescale, τsettl = H/vt, becomes shorter than collisional
timescale. For particles smaller than gas mean free path, the
collision timescale is approximated by (e.g., Rossow 1978)
τcoll ≈ 14
√
ρp
3akBT
mhaze
ρhaze
=
1
4
√
ρp
3akBT
mhazevt
F
, (12)
where we have invoked the mass conservation ρhazevt = F.
Solving τcoll = τsett with Equation (8), the size is estimated
as
a =
24FP2pi2ρ3pg3
√
3kBT
ρp

2/9
(13)
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Figure 3. Gradient of the spectral slopes (S, colorscale) as a function of eddy diffusion coefficient and haze mass flux. The left and right
panels show the results for the tholin and soot haze, respectively. The black lines denote the contours of S = −5, −10, and −15. The red dotted,
blue dashed, and green broken lines denote Equations (14), (15), and (17), respectively, for P = 1 mbar and λ = 0.55 µm. Here, we adopt the
Rayleigh scattering cross section of a H2 molecule, σgas = 2.52 × 10−28 cm2 (λ/0.75 µm)−4 (Lecavelier Des Etangs et al. 2008), to evaluate the
gas opacity.
Equation (13) indicates that the particle size is proportional to
P4/9, which is indeed seen in Figure 1. Therefore, the mass
mixing ratio is proportional to P−4/9 for small Kz regimes
(see Eqs. (8) and (A2)), resulting in the opacity higher at the
higher altitude. In summary, the haze opacity is higher at
higher altitude for all Kz.
3.3. Transmission Spectra
The haze steepens the spectral slope for high Kz, as found
by Kawashima & Ikoma (2019). The top panel of Fig-
ure 2 shows the synthetic transmission spectra for various
Kz assuming the tholin optical constants. For the tcase of
Kz = 109 cm2 s−1, haze produces the spectral slope charac-
terized by S ≈ −12 in the optical wavelength, quite steeper
than the canonical Rayleigh slope (S = −4). This stems from
the vertical mass gradient produced by efficient eddy diffu-
sion (Section 3.2). The spectra for Kz = 107 and 105 cm2 s−1
are nearly superposed each other, as the vertical distributions
are nearly the same.
The haze steepens the spectral slope only when the mass
flux falls into a moderate value. As shown in the middle panel
of Figure 2, the steep slope disappears in both cases of high
and low mass flux. The low mass flux (F = 10−14 g cm−2 s−1)
leads to produce a spectrum superposed on a haze-free spec-
trum because the haze becomes optically thin as compared
to the Rayleigh scattering opacity of H2. By contrast, the
high mass flux (F = 10−10 g cm−2 s−1) leads to flatten the
spectrum because the haze becomes optically thick near the
monomer-formation region (∼ 10−6 bar) up to a relatively
long wavelength.
The spectral slope also depends on the optical constants.
The bottom panel of Figure 2 shows the spectra calculated
with the soot optical constants. The soot haze tends to flatten
the spectra owing to the weak wavelength dependence of its
absorption opacity. Although the slope is relatively gentle,
the soot haze still produces the SRSs with S ≈ −8 for Kz =
109 cm2 s−1 and F = 10−11 g cm−2 s−1.
3.4. In what conditions haze produces SRSs?
There is a “sweet spot” in the F–Kz space to produce
the SRSs. Figure 3 summarizes the spectral slopes calcu-
lated for U-V bands as a function of haze mass flux F and
eddy diffusion coefficient Kz. The slopes are relatively flat
(i.e., S ∼ 0) for very high F, as the haze becomes opti-
cally thick near the monomer formation region (Section 3.3).
By contrast, low F and high Kz tend to yield S = −4, as
6 Ohno & Kawashima
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Figure 4. Transmission spectrum regimes in terms of haze mass flux and eddy diffusion coefficient (see Section 3.4). Each panel exhibits the
typical shape of the transmission spectrum for hazy atmospheres (orange lines) compared to the haze-free spectrum (gray lines).
the haze becomes optically thin. For moderate mass flux,
say F & 10−14 g cm−2 s−1, the slopes have S ∼ −4 for
Kz . 107 cm2 s−1 and S < −5 for Kz & 107 cm2 s−1. The
steep spectral slope (i.e., small S) for high Kz stems from the
steep vertical gradient in the mass mixing ratio (Section 3.2).
In the parameter space examined here, the most steep slope
has S ≈ −16 for the tholin haze and S ≈ −8 for the soot
haze, which is found for F ∼ 10−12–10−11 g cm−2 s−1 and
Kz ∼ 1010 cm2 s−1.
The transmission spectra of hazy atmospheres can be de-
marcated into four typical regimes as presented in Figure 4.
When Kz is extremely high, the haze becomes optically thin
as compared to gas opacity, resulting in a haze-free spectrum
(regime I). Equating Equation (7) and the gas opacity κgas
with vtH/Kz  1, the threshold Kz above which the regime
I applies is given by
Kz,max =
36pigH2F
ρpκgasP
nkλ−1
(n2 − k2 + 2)2 + (2nk)2 . (14)
For Kz < Kz,max, the spectrum is substantially affected by
haze. The spectral slope is significantly enhanced by haze
when the eddy diffusion dominates over the settling of haze
particles (regime II). Conversely, the slope is only weakly
enhanced if the settling dominates over the eddy diffusion
(regime III). Solving τdiff = τsett with Equations (8) and (13),
where τdiff = H2/Kz is the diffusion timescale, the critical
Kz above which eddy diffusion dominates over the settling is
estimated as
Kz,cri =
ρpg2H2
P
√
8gH/pi
24FP2pi2ρ3pg3
√
3kBT
ρp

2/9
(15)
∼ 3 × 107 cm2 s−1
(
F
10−12 g cm2 s−1
)2/9 ( H
200 km
)3/2
×
( g
10 m s−2
)5/6 ( P
1 mbar
)−5/9 ( T
1000 K
)1/9 ( ρp
1 g cm−3
)2/9
.
The spectrum eventually becomes flat when the mass flux is
so high that haze is optically thick at the monomer formation
region (regime IV). Since the vertical mass distribution does
not follow a power law near the monomer formation region
(see Figure 1), we crudely evaluate the optical depth as
τs(P∗) ∼ P∗gH κ(P∗)
√
2piRpH. (16)
Inserting Equation (7) into (16) and solving τs(P∗) = 1 with
vtH/Kz  1, we achieve the threshold in terms of Kz as
Kz,opa =
36piHF
√
2piRpH
ρp
nkλ−1
(n2 − k2 + 2)2 + (2nk)2 (17)
Equation (17) does not apply when the settling dominates
over the eddy diffusion, i.e., Kz < Kz,cri. Since the spec-
trum is invariant with Kz for the settling-dominated regime
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Figure 5. Haze-generated spectral slopes as a function of Kz.
The solid and dashed lines show the slopes for F = 10−12 and
10−13 g cm2 s−1, respectively, which are in line with the predictions
from column integrated photolysis rate of hydrocarbons reported by
previous studies (Lavvas & Koskinen 2017; Kawashima & Ikoma
2019). The orange and gray lines exhibit the slopes for tholin and
soot haze, respectively. The black dots denote the slopes retrieved
by Welbanks et al. (2019) with 1σ error bars.
(see Figure 2), the threshold for Kz < Kz,cri is given as an
intersection of Equations (15) and (17). We plot Equations
(14), (15), and (17) in Figure 3 and find that the regime clas-
sification well explains the basic behavior of spectral slopes.
Notably, the SRSs preferentially emerge in the regime II (see
Figure 4), where the eddy diffusion coefficient falls into the
sweet spot, namely max(Kz,cri,Kz,opa) < Kz < Kz,max. Al-
ternatively, the SRSs emerge when the haze mass flux falls
into a moderate value for given Kz; for example, F ∼ 10−13–
10−11 g cm−2 s−1 for Kz = 109 cm2 s−1 (see Figure 3). Thus,
the SRSs might give a constraint on haze mass flux if the
strength of eddy diffusion is well constrained.
4. SUMMARY AND DISCUSSION
In this study, we have suggested that the super-Rayleigh
slopes seen in transmission spectra of some exoplanets can
be produced by photochemical haze. We have analytically
shown that the spectral slope is steepened by the vertical gra-
dient of atmospheric opacity, which is naturally generated
by haze (Section 2). We have numerically confirmed that the
haze can produce the spectral slope several times steeper than
the canonical Rayleigh slope, especially when the eddy dif-
fusion coefficient and the haze mass flux fall into the sweet
spot (Section 3). We have also demarcated the transmission
spectra of hazy atmospheres into four typical regimes (Figure
4). Our results would help to not only interpret the SRSs but
also figure out how haze affects the transmission spectra.
One of the possible approaches for testing our idea is to
search for the absorption feature of haze itself. For in-
stance, Titan tholin exhibits absorption features at 3.0, 4.6,
and 6.3 µm (e.g., Khare et al. 1984; Imanaka et al. 2004). It
may be worth investigating whether planets with SRSs show
the features at these wavelength. The actual optical constants
of exoplanetary hazes have been unknown. Therefore, labo-
ratory studies on exoplanetary haze analogs (e.g., Ho¨rst et al.
2018; He et al. 2018; Moran et al. 2020) are important to
examine what optical constants are more plausible for exo-
planet environments. The reliable optical constants will also
help to quantify the effects of hazes on the spectral slopes.
There may be a “sweet spot” of planetary equilibrium tem-
perature in which haze preferentially causes the SRSs. This
is because the equilibrium temperature is associated with Kz
(Komacek et al. 2019). Figure 5 shows the spectral slopeS as
a function of Kz and corresponding equilibrium temperature,
where we have assumed a following relation
log 10(Kz [m2 s−1]) = 2.110
(
Teq
1000 K
)
+ 1.855. (18)
This relation is obtained by a linear fit to Kz simulated by Ko-
macek et al. (2019) for drag-free atmospheres with 0.01 µm
passive tracers at P = 1 mbar (their Figure 8). Haze pref-
erentially produce steep slopes at equilibrium temperature of
∼ 1000–1500 K in which Kz falls into the regime II. Figure
5 also exhibits the slope retrieved by Welbanks et al. (2019)
(their γ). Interestingly, in the retrieval results, planets with
equilibrium temperature of ∼ 1200–1400 K tend to exhibit
steep spectral slopes, as similar to the haze-generated SRSs.
We do not claim that the result verifies the haze hypotheses
since there are many uncertainties, such as stellar contami-
nation (e.g., McCullough et al. 2014) and multi-dimension
effects (e.g., Caldas et al. 2019; MacDonald et al. 2020), that
should be assessed in future. Rather, we suggest that measur-
ing the spectral slopes for various equilibrium temperature
can help to investigate whether the SRSs are predominantly
caused by haze.
Photochemical haze also complements the model of min-
eral clouds. Current cloud microphysical models do not pre-
dict the optical spectral slope as steep as the Rayleigh slope
(Gao & Benneke 2018; Lines et al. 2018; Lee et al. 2019;
Powell et al. 2019; Ohno et al. 2020), except for Ormel &
Min (2019) who showed some cases that succeeded in pro-
ducing the steep spectral slopes. Although it has been be-
lieved that haze formation is inefficient in hot exoplanets
where CH4 is oxidized to CO (Zahnle et al. 2009a), recent
laboratory studies suggest that CO also act as haze precursors
(Ho¨rst et al. 2018; He et al. 2019). Thus, haze may still be
8 Ohno & Kawashima
responsible for hot exoplanets that often show spectral slopes
in their transmission spectra.
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APPENDIX
A. DERIVATION OF ANALYTICAL HAZE OPACITY
In this appendix, we derive the vertical distribution of atmospheric opacity including haze. The steady vertical distribution of
haze mass density ρhaze is determined by the mass conservation, which reads
Kz
gH2
P2
∂
∂P
(
ρhaze
ρg
)
− vtρhaze = −F, (A1)
where we have used the hydrostatic equilibrium, the ideal gas law, and the definition of H. In the upper atmospheres where haze
particles are much smaller than gas mean free path, the terminal velocity can be approximated by Equation (8). For constant Kz,
ρp, and a, Equation (A1) is solved as
ρhaze
ρg
=
gHF
Pvt
[
1 − exp
(
−vtH
Kz
)]
, (A2)
where we have set the boundary condition of ρhaze = 0 at P = ∞. The extinction cross sections of haze particles may be
approximated by absorption cross section, especially for particles much smaller than relevant wavelength. For such tiny particles,
the absorption cross section is approximated by (Bohren & Huffman 1983; Kataoka et al. 2014)
σabs ≈ pia2 24nk(n2 − k2 + 2)2 + (2nk)2
2pia
λ
. (A3)
Combining Equations (A2) and (A3), we finally achieve the opacity (Equation 7) as
κ=
3σabs
4pia3ρp
ρhaze
ρg
(A4)
=
36pigHF
ρp
1
Pvt
[
1 − exp
(
−vtH
Kz
)]
︸                      ︷︷                      ︸
Pressure dependence
nkλ−1
(n2 − k2 + 2)2 + (2nk)2︸                        ︷︷                        ︸
Wavelength dependence
,
Equation (A4) demonstrates that, for tiny absorbing haze, the pressure dependence is originated from the vertical mass gradient,
while the wavelength dependence is from haze optical constants.
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